As a possible way of modifying the intrinsic properties of graphene we study the doping of graphene by embedded boron clusters with density functional theory. Cluster doping is technologically relevant as the cluster implantation technique can be readily applied to graphene. We find that B7 clusters embedded into graphene and graphene nanoribbons are structurally stable and locally metallize the system. This is done both by the reduction of the Fermi energy and by the introduction of boron states near the Fermi level. A linear chain of boron clusters forms a metallic "wire" inside the graphene matrix. In a zigzag edge graphene nanoribbon the cluster-related states tend to hybridize with the edge and bulk states. The magnetism in boron doped graphene systems is generally very weak. The presence of boron clusters weakens the edge magnetism in zigzag edge graphene nanoribbon, rather than making the system appropriate for spintronics. Thus the doping of graphene with the cluster implantation technique might be a viable technique to locally metallize graphene without destroying its attractive bulk properties.
I. INTRODUCTION
The two-dimensional (2D) honeycomb lattice of graphene is the basic building block of 0D fullerenes, 1D nanotubes or 3D graphite. Besides being a 2D topological structure with high strength and flexibility, graphene exhibits fascinating, and rather unique electronic properties, such as behaving like massless Dirac fermions and showing a particular high charge carrier mobility and electrical conductivity [1] [2] [3] [4] [5] . These exceptional properties lead to huge scientific interest in graphene, and they make this particular material a promising candidate for future technological applications [6] [7] [8] [9] .
A free-standing graphene sheet is a semimetal. However many applications require semi-conducting properties. A band gap can be induced in graphene systems, for example by oxidation or by considering graphene nanoribbons (GNRs). Narrow width ribbons (< 10 nm) have a band gap due to lateral quantum confinement and edge effects [10] [11] [12] [13] . A process for fabricating dense graphene nanoribbon arrays with widths as narrow as 10 nm has been developed quite recently 14 , using selfassembled patterns of block copolymers on graphene, which was grown epitaxially on SiC.
The edge geometries of GNRs can be rather diverse 15 . Usually armchair or zigzag types (AGNR or ZGNR) are considered in the literature [16] [17] [18] [19] [20] [21] [22] . AGNRs are either metallic or semi-conducting depending on the ribbon width, and ZGNRs have metallic properties with flat energy bands near the Fermi level E F . The latter give rise to a sharp peak in the electronic density of states (DOS) right at E F . It is currently believed that this peak at E F is avoided by magnetic interactions, and that the ground state of ZGNRs is actually an antiferromagnetic semi-conductor (AFM, atoms are ferromagnetically ordered along one edge and antiferromagnetically ordered between opposite edges) with a small band gap. In density functional theory (DFT) calculations the AFM magnetic ground state is almost degenerate to a ferromagnetic (FM) state 23, 24 . These results suggested the use of ZGNRs in spintronic applications, and they inspired tremendous theoretical work. It is understood now that there should either be some translational symmetry breaking between edges in GNRs or some local sublattice imbalances in graphene/graphite to create localized states at E F to obtain a finite magnetic moment. Several approaches have been proposed, such as the introduction of vacancies [25] [26] [27] [28] [29] [30] 49 doped graphene systems were also investigated from a theoretical point of view, with par-ticular focus on the effects of substitutional doping on the structural and electronic properties of graphene. Boron, the neighbor of carbon in the periodic table, seems to be an ideal dopant 32 . However, individual boron atoms in graphene are rather mobile and tend to aggregate at the edges and not in the bulk of the sample, as studies of boron doped graphene nanoribbons 32 and boron doped carbon nanotubes 60 show. In the present article we do not suggest to dope graphene with individual boron atoms, but with entire boron clusters.
Small boron clusters have a quasiplanar geometry and can be viewed as an assembly of pyramidal B 7 building blocks (Aufbau principle) 61 . Boron and carbon have roughly the same covalent radius. Therefore, one may expect that boron could easily be integrated into carbon systems. On the other hand, nitrogen adsorption causes some structural distortions on graphene, despite having a similar atomic radius to carbon as well 37 . We have previously reported that boron cluster can be easily accepted by graphene 35 . Ion beam methods can be utilized efficiently to dope boron into the graphene/graphite matrix, either as atomic sites 62, 63 or as clusters 64 . A cluster implanter particularly suited for boron (B 10 , B 18 clusters) has been developed with the enhancements of ultra low energy beam currents 64 . Studies of doping of few-layered graphene and carbon nanotubes for a range of dopants (including boron) using ion implantation techniques 62 , as well as atomistic simulation of low energy boron and nitrogen ions implantation into graphene 63 have recently been reported in the literature. In the present work we study the effect of embedded boron clusters on the electronic and magnetic properties of graphene systems. We consider 2D graphene and 1D AGNRs and ZGNRs. These systems are substitutionally doped with B 7 clusters to create (1) localized states, (2) local sublattice imbalances and (3) localized magnetic moments. We find that the B 7 clusters locally metallize the graphene matrix, and that linear chains of boron clusters form metallic wires inside the graphene matrix. Furthermore the presence of the B 7 clusters in magnetic ZGNR weakens the magnetism in such systems.
II. COMPUTATIONAL METHOD
Our calculations are based on the density functional theory 65 (DFT) within the framework of the generalized gradient approximation (GGA) using the Perdew-Wang parametrization (PW91) 66, 67 . We used the Vienna ab initio simulation package (VASP, version 4.6) 68,69 employing the projected augmented wave (PAW) method 70, 71 . In our study, we consider graphene supercells, 9-AGNR(+H) and 10-ZGNR(+H)s and their boron doped counterparts (+BD, +isolated-BD). The prefix "9 (10)" represents the number of armchair (zigzag) lines cross the width of the ribbon, and the suffix "+H" indicates that each carbon edge atom is passivated by one hydrogen atom. A suffix "+BD" that the structure is boron doped and "+isolated-BD" indicates that the embedded boron clusters in adjacent unit cells of the graphene supercell systems are separated by at least 10Å.
A supercell system still repeats itself periodically in both the horizontal (x-) and the vertical (y-) direction. In order to simulate GNRs, and in order to avoid any residual interactions, each replica is separated from its neighboring replica by least 10Å in both, the edge-edge (to the right or to the left) and the (z-) direction perpendicular to the planes of the replicas 72 . A plane wave basis set with a kinetic energy cutoff value of 450 eV is used for all calculations. For the kpoint sampling of the Brillouin zone, a Γ-point centered Monkhorst-Pack grid was used. The k-space integration was carried out with the method of Methfessel and Paxton in first order 73 and a smearing width of 0.1 eV. Optimal k-point meshes are individually converged for each system by reducing the changes in the total energy at least below 10 meV/atom. 74 After obtaining the optimal k-point meshes, the geometries of all systems were fully optimized (relaxed) in a self-consistent fashion. The relaxed structures were close to the unrelaxed ideal geometries. After the relaxation of each structure an additional static self-consistent calculation was performed to obtain the charge density and the total energies of the system, where k-space integrations were carried out using the tetrahedron method 75 . In all of our self-consistent calculations the total energies were converged, such that energetic changes were less than 10 meV. Band structures and DOS of the optimized systems were computed nonself-consistently by using the charge densities obtained in the final self-consistent calculation. At least twice the optimal size of k-point meshes was used for the DOS calculations. For magnetic systems collinear, spin polarized (SP) DFT calculations were performed in all the steps described above. The different magnetic states were determined by providing different initial spin densities at the beginning of the self-consistency cycles. System sizes, total energies, and magnetic moments of the systems considered for this study are summarized in table I. In the following, the non-spin-polarized calculations will be abbreviated by NSP.
III. RESULTS AND DISCUSSION
In the presented study, a seven atom planar boron B 7 cluster is embedded into graphene and various GNRs (see for example Fig. 4(h) ). The basic stability of this structure was reported by us in an earlier study 34, 35 . The boron atom, being one electron short in comparison to the carbon atom, is a p-type dopant. Embedding a B 7 unit (21 valence electrons) into a graphene system leads to the replacement of a C 6 hexagon (24 valence electrons), which results in a decrease of 3 electrons (introduction of 3 holes) per unit cell, and thus in the lowering of the Fermi energy E F . The degree of doping is calcu-lated with the following equation
and numerical values for the shift of the Fermi energy are tabulated in Table I . The atomic structures together with partial charge densities (PCD), projected DOSs, plain band structures and spin densities of an optimized graphene supercell and of GNR+H systems with boron cluster doping are shown in Figs. 1-4(a)-(d) , respectively. The PCD is defined as
where φ nk (r) are the Kohn-Sham orbitals with the band index n and the wave vector k, E nk are the band energies, the summation over k represents a Brillouine zone average, and the parameter ǫ = 0.1 eV in all our calculations. The PCD visualizes the localization of electronic states and it is drawn on top of the atomic structure. Note that the chosen energy range is relevant for electric conduction.
A. Localization of Metallicity
Isolated Boron Cluster in Graphene
First we study the properties of an nearly isolated B 7 cluster in graphene (graphene+isolated-BD system). We use a relatively large supercell to ensure that the periodic replica of the clusters do not interact 76 . The optimized structure together with the PCD in the specified energy window is depicted in Figure 1(a) . The PCD is basically localized on the outer boron atoms of the cluster and on nearby carbon atoms, whereas the central atom does not contribute to the states near E F . These electronic states have π character, as seen from the projected DOS plot in Figure 1 (c). The σ states are responsible for in-plane stability of boron clusters within a graphene matrix, and they do not contribute to the states near E F . The general form of the DOS of the pristine and the boron doped systems in Figs. 1(b,c) is quite similar, indicating that the boron clusters do not significantly alter the bulk properties of the system in this energy window. Essential changes happen near E F , where the DOS has a pronounced peak. The peaks indicates that the induced boron states are localize, which is also confirmed by looking at the PCD.
The change of the band structures from Fig. 1(d) to (f) can be described as twofold: (i) creation of new states near E F that are primarily localized on the boron atoms (as is obvious from the PCD plot shown above) and (ii) reduction of E F by ∆E F ca. 0.2 eV (see Tab. I) in a way, that cannot be described by the rigid band model. Though the system has a finite DOS(E F ), and despite the fact that we see bands crossing E F in Fig. 1(f) , the system is not necessarily a metal, because the presumed conduction channels near E F are highly localized and have little overlap. However we can conclude that the boron cluster locally metallizes the system. In order to create pronounced metallic conduction channels one has to decrease the distance between the clusters. This is what we will do in the next subsection.
Boron Cluster Chain in Graphene
In the graphene+BD system the distance between the clusters along the y-direction is halved in comparison to the previous case. The atomic structure along y can be described as an alternating B 7 -C 6 chain. The geometry and the corresponding PCD are depicted in Figure 2(a) . The PCD indicates that the states near E F form a 1D metallic "wire" inside the 2D graphene matrix. The overlap between states related to the cluster tends to increase the dispersion of the the bands near E F in Fig. 2(f) ). This overlap also reduces the peak in the DOS(E F ) in Fig. 2(c) . As the cluster density is doubled compared to the previously considered case the doping level is also approximately doubled to ∆E F ca. 0.4 eV. The presence of boron σ states in the occupied part of the DOS (at -1 and -3 eV) is qualitatively similar to the previous case, but this time it is much more pronounced.
Boron cluster chain in AGNR
The PCD of the alternating B 7 -C 6 chain in an 9-AGNR+H is shown for the optimized geometry in Figure  3 (a). A comparison with Figure 2(a) indicates that the PCDs of the two systems are almost identical. Thus the finite size of the AGNR does not influence the basic electronic properties of the system close to E F . This further supports our finding that the metallization of the considered graphene systems by the boron clusters tends to happens on a very small length scale. The undoped 9-AGNR+H system is a semi-conductor with a band gap of 0.37 eV (see Fig. 3(d) ). Doping and appearance of boron related π and σ states turn the system into a 1D metal with 4 (3) bands at E F for the NSP (SP) cases (this band counting includes the spin degeneracy). The σ states at about -1 eV in Fig. 3(c) are now much more smeared out in energy compared to the previous systems.
Boron cluster chain in ZGNR
The undoped 10-ZGNR+H exhibits a considerable peak in the NSP DOS(E F ) (see Fig. 4(b) ) coming from the flat bands at E F in the NSP band structure (see Fig. 4(d) ). This peak is associated with the edge states mentioned in the Introduction. As discernible in Figure 4(a) , introducing the alternating B 7 -C 6 chain in a 10-ZGNR+H system leads to a dramatically different electronic structure in comparison to the previous cases. There are three qualitative types of states that contribute
FIG. 3. (Color online)
Electronic structure of B7 clusters forming a linear chain within an armchair graphene nanoribbon that has hydrogen terminated edges (9-AGNR+BD+H) (a) The NSP PCD is almost identical to the one in Fig. 2(a) , i.e., the states form a metallic "wire" inside the nanoribbon. to the PCD: localized boron states, delocalized carbon bulk states and localized carbon edge states. The presence of the boron clusters allows both the carbon bulk states and the edge states to hybridize with the cluster induced states. This results in the rather complex and very delocalized PCD shown in Fig. 4(a) Due to the interplay of the three different types of states the change of the electronic structure in the DOS and band plots in Fig. 4 is relatively complicated. But, similar to the previous cases, the DOS near E F increases, and there are more bands near E F than in the undoped case due to the appearance of the boron related bands. In the AFM state the boron doping increases the number of bands at E F from 0 to 4, and in the FM state the increase is from 2 to 4. The σ states near -1 eV in the DOS of the doped system in Fig. 4(c) are most dispersed in the present system, and they come very close to E F . Further doping of the system could eventually create holes in these kinds of σ bands. It is interesting to note that the superconductivity in MgB 2 and boron doped diamond is related to holes in σ bands 77, 78 . One might speculate whether boron doped ZGRNs could allow for a similar type of superconductivity.
To conclude this section, we found that B 7 clusters embedded into graphene systems are structurally stable, and they strongly modify the electronic structure near E F . The boron clusters locally metallize the system. This is achieved both by the reduction of E F , and by the introduction of boron states near E F . A linear chain of boron clusters forms a 1D metallic "wire" inside the graphene matrix. In a ZGNR the cluster-related states hybridize with the edge and bulk states.
B. Energetics and magnetic properties
In this section we will investigate the energetics and magnetic properties of the boron doped graphene systems. The results comprising the energies and the magnetic moments for nonmagnetic (NM) and magnetic (SP, FM, AFM) states are tabulated in Table I . The energies of different magnetic states are characterized by the difference in their total energy as compared to the total energy of the magnetic ground state (E GS tot ):
where N MA is the number of magnetic "centers" per unit cell. For the majority of systems under consideration N MA = 1, except for the ZGNR systems, where this value is equal to the number of carbon edge atoms per unit cell (N MA = 6). When analyzing the spin densities in Figs. 1(h)-4(h) it becomes quite obvious that the magnetic moments are never concentrated on a single atom. So N MA represents the number of similar groups of atoms per unit cell, which collectively carry a certain total magnetic moment. Undoped graphene and AGNRs are nonmagnetic. However, when graphene is doped with an isolated boron cluster (graphene+isolated-BD) the system has a total magnetic moment of 1 µ B per cluster due to the odd number of electrons per boron cluster (21 in B 7 as compared to 24 in C 6 ). Thus a boron cluster carries an unpaired electron that has an magnetic moment of exactly 1 µ B . The corresponding spin density shown in Fig. 1(h) is primarily concentrated on the outer B atoms, and the latter does not interact with the cluster replica TABLE I. The energies, magnetic states and moments of all systems considered in this study. "State" denotes different systems and magnetic orderings: UC (unit cell), SC (supercell), H (hydrogen terminated), BD (boron doped), NM (nonmagnetic), SP (spin polarized), FM (ferromagnetic), AFM (antiferromagnetic). Nat is the number of atoms per unit cell. µ is the total magnetic moment per unit cell. Etot is the total energy per unit cell. The magnetic ground state is indicated in boldface. ∆Emag is defined in Eq. 3 and the degree of doping ∆EF is defined in Eq. 1. in the adjacent unit cells. By bringing the boron clusters closer to each other within the graphene-BD linear chain system, the magnetic moment is quenched down to 0.3 µ B /cluster, due to the onset of magnetic exchange interactions between the clusters. The reduction of the magnetic moment is also discernible in the spin density in Fig. 2(h) . The magnetic properties do not change very significantly from the graphene-BD linear chain system to the 9-AGNR+BD(+H) systems. The magnetic moment is still 0.3 µ B /cluster, and the spin densities of the two systems are relatively similar. This again indicates the the change of the electronic and magnetic structure induced by the presence of the cluster(s) is of a rather local nature. However there is one thing to be pointed out: the ground state of the 9-AGNR+BD system is magnetic and the ground state of the 9-AGNR+BD+H system is NM. We speculate that the hydrogen passivation removes dangling bonds at the edges, and it also minimizes the exchange interactions that let the system prefer to settle down in a NM ground state. However, the energy differences between the non-magnetic and the magnetic states (∆E mag ) in the graphene and AGNR systems are very small, i.e. between 6-9 meV/atom (Table I) . Such small values indicate that the magnetism in these systems must be very weak. ZGNRs are believed to carry magnetic moments along the edges. However the magnetic interaction between the two edges of the ribbon is very weak, thus leading to a relatively unstable magnetic system 57 . As shown above, the boron cluster usually carries a magnetic moment. So one might speculate that the magnetic interaction between the edges in ZGNRs could be enhanced by the presence of the boron clusters. The more as both the cluster magnetic moments and the ones on the edges are generated by π-electrons, and therefore the two systems should be able to interact.
The answer to this question is given in Fig. 4 (h). It shows that the edge states are weakened by the presence of the boron cluster. The boron cluster itself does no longer carry a net magnetic moment. Thus in ZGNR systems the boron cluster locally supresses the magnetic moments, and it effectively weakens the magnetic interactions. Note that the weakening of the edge magnetism happens both in the FM and in the AFM state. Furthermore, for the different FM states that are listed in Tab. I the total magnetic moment is always smaller in the doped case than in the undoped case. In the 10-ZGNR system the boron cluster is located at a very asymmetric position in order to break the symmetry between the edges. As result of the asymmetric supression of magnetic moments the positive and negative moments of the AFM states on opposite sides of the ribbon are no longer equal in magnitude, and there is a residual total magnetic moment per cell of 0.1 µ B /cell and 0.2 µ B /cell for the unpassivated and H passivated cases, respectively (as opposed to 0 µ B /cell for the undoped systems). In the undoped systems the AFM and FM states are energetically separated by only ∆E mag = 5 − 6 meV/atom. In the doped systems the two states are isoenergetic with ∆E mag = 1 meV/atom (smaller than the DFT energy resolution). This again is a strong indication that magnetic interactions are suppressed by the presence of the boron cluster. Note that a similar suppression of the edge magnetic moments with increasing Ti concentration near the edge of ZGNRs is reported in Ref. 44 . We can summarize this section by saying that the magnetism in boron doped graphene systems is generally very weak. Furthermore the edge magnetism in ZGNRs in weakened by the presence of boron clusters.
IV. SUMMARY AND CONCLUSION
We studied the doping of graphene and various graphene nanoribbons by embedded B 7 clusters. The embedding seems to be stable, and the boron clusters tend to strongly modify the electronic structure near E F , which leads to a very local metallization of the graphene substrates. This metalliation is achieved by both the reduction of E F , and by the introduction of boron states near E F .
We also showed that a linear chain of boron clusters forms an effective 1D metallic "wire" inside a semiconducting substrate made of a suitable graphene nanoribbon, where the metallicity rapidly decays away from the wire. Given the fact that a semiconducting graphene substrate does not require any additional doping, any controlled layout of linear chains of boron clusters might actually be the technological basis of a layout of integrated circuits, which is at least one or two length scales below state-of-the-art microelectronics. Note that the corresponding cluster implantation technique can already be applied to graphene.
Furthermore the presence of the boron clusters also introduces σ states in the occupied part of the band structure within 1 eV below the Fermi level. We wonder whether this particular feature could give rise to electronphonon mediated superconductivity, similar to MgB 2 or boron doped diamond.
Finally, the magnetism in boron doped graphene systems is generally very weak, and the edge magnetism in ZGNRs is further weakened by the presence of boron clusters. Therefore we do not foresee any application of embedded boron clusters in the field of graphene based spintronics, supposing that such a technology will be feasible at all in carbon nanosystems.
We hope that our results might also lead to an incresing interest in boron based nanomaterials, whose polymorphism is at least as rich as the polymorphism of carbon nanomaterials [79] [80] [81] . Our present results indicate that interesting functionalities might actually be gained from the combination of carbon and boron nanosystems, and this might be a promising new field to be explored in the future, besides pure graphene. 
